Dome A is the highest point on the Antarctic Plateau, and the Chinese Expedition Team first arrived here in 2005 January. It is an excellent site for astronomical observations. The first-generation Chinese Antarctic optical telescope CSTAR has been operating on Dome A since 2008 January. The second-generation Chinese telescopes known as the Three Antarctic Survey Telescopes (AST3) are currently being developed. AST3 includes three telescopes matched respectively with G-, R-and I-band filters. Each telescope is a catadioptric optical telescope with an entrance pupil diameter of 500 mm, an f -ratio of 3.73 and a field of view of 4.
I N T RO D U C T I O N
have shown that Dome C on the Antarctic Plateau is the best site on Earth for astronomical observations. It has a mean seeing of 0.27 arcsec above 30 m from the ground. Dome A has a latitude 80
• 22 02 S, a longitude 77
• 32 21 E and an elevation of 4093 m, and it is the highest point on the Antarctic Plateau (Hou et al. 2007) . It was first visited by the Chinese Expedition Team in 2005 January. Preliminary site testing, led by the Chinese Center of Antarctic Astronomy (CCAA), has shown that Dome A can be reasonably predicted to be an excellent site for astronomical observations -it could be as good as Dome C, or even better (Bonner et al. 2010; Yang et al. 2010) . China is actively promoting astronomical observations in the Antarctic. The first-generation Chinese Antarctic optical telescope is known as the Chinese Small Telescope Array (CSTAR; Liu & Yuan 2009 ). It was composed of four identical telescopes, with a 145-mm entrance pupil, a 20-deg 2 field of view (FOV) and four different filters (G, R, I and open band) . CSTAR was mainly used for the detection of variable sources, and for the measurement of atmosphere extinction, sky brightness and cloud coverage (Zou et al. 2010) . CSTAR was deployed on Antarctic E-mail: xyyuan@niaot.ac.cn Dome A in 2008 January and its automatic operation continued for four consecutive winters. The Three Antarctic Survey Telescopes (AST3; see Fig. 1 ) are the second-generation Chinese telescopes on Dome A. Each of the telescopes of the AST3 has a 500-mm entrance pupil diameter, an f -ratio of 3.73 and a FOV of 4.
• 14 (2.
• 92 × 2.
• 92), and each is matched with one of the three different (G, R and I) filters (Yuan et al. 2010) . For the AST3, the main sky area for observations is a zenith distance less than 70
• . The optical system of the AST3 consists of a transparent aspherical plate, an oblate primary mirror with a diameter of 680 mm and a spherical refractive corrector with a filter before the focal plane. The main features of the AST3 are the following: good image quality, a planar focal surface, reduced atmospheric dispersion and an absence of distortion. The optical length and the diameter of the primary mirror are significantly smaller than a typical Schmidt system. Because of the excellent conditions at Dome A, such as the high atmospheric transparency, very good seeing, lowest water vapour, lower wind speed and boundary layer, and because there are more than three months of continuous observation time per year, many scientific projects can be carried out by the AST3. These include a survey of Type Ia supernovae to study the dark energy of the Universe (Kim et al. 2010 ) and microlensing to search for exoplanets and to find new variable sources, etc. The detailed scientific goals of the AST3, which have mainly been conceived by Professor Lifan Wang, will soon be published in a separate paper. The AST3 can also be used for site testing, including the measurements of seeing, atmosphere extinction and sky brightness. The first telescope of the AST3 for the I band has been completed, and it was installed on Dome A in 2012 January. The other two telescopes of the AST3 will be installed there at a later date. Then, the three telescopes with their respective G, R and I filters will perform simultaneous observations on Dome A. The third-generation Chinese Antarctic telescopes are being designed, and these include a 2.5-m optical/infrared telescope and a 5-m submillimetre telescope.
F O R M AT I O N O F T H E C O N F I G U R AT I O N O F T H E O P T I C A L S Y S T E M O F A S T 3
The Schmidt telescope (Schmidt system) was invented by B. V. Schmidt in 1931. Its key feature is the placement of a transparent aspherical plate at the curvature centre of a spherical mirror (Fig. 2a) . Because of the system's symmetry for on-axis and off-axis light, such an optical system can deliver very good and distortion-free images over a large FOV. The shortcomings of the Schmidt telescope include the long tube, the large spherical primary mirror and the curved focal surface. Su (1962) studied the Schmidt telescope further and pointed out that if the aspherical plate was put at the focus of the primary mirror and the primary mirror was changed into a proper aspherical shape (Fig. 2b) , then both the spherical aberration and coma could be eliminated. In such a system, the length of the tube can be half the original length of the Schmidt system, and the difference in diameter between the primary mirror and the aspherical plate is halved. However, there is astigmatism in this system. In 1980, Lanjuan Wang and Ding-qiang Su thought of adding another transparent aspherical plate before the focus, which could make the system free of spherical aberration, coma and astigmatism (Fig. 2c) . Because the symmetry of this system is not as good as that of the Schmidt telescope, the off-axis image spot is larger than that of the Schmidt telescope and there is distortion. After this research was completed, Wang and Su found that Brown (1970) had already proposed this type of system (Fig. 2c) . In 1981, the work of Wang and Su was presented as a paper at the ICO-12
Conference (Graz/Austria). A version of this paper, abridged and inappropriately modified by the editor, can be found in Acta Optica Sinica (Wang & Su 1983) .
For Antarctic telescopes, although image quality is essential, a compact configuration is also important for their transportation, installation and operation. Besides the planar focal surface, the correction of atmospheric dispersion and the absence of distortion are also crucial. Since the 1980s, some atmospheric dispersion correctors for larger FOV telescopes have been designed (e.g. Epps, Angle & Anderson 1984; Su 1986; Su & Liang 1986; Wynne 1986 Wynne , 1988 Wang & Su 1990; Su, Jia & Liu 2012) . In these correctors, there is a pair of prisms or lens-prisms. Each of these is a cemented lens, with a tilted cemented surface, and each consists of two different glasses. As these two lens-prisms are rotated, different dispersions can be obtained. Among these designs, Su (1986) was the first to propose the use of two lens-prisms to correct both the atmospheric dispersion and the telescope aberrations. At the initial stage in the design of the AST3, the classical Schmidt system, the Schmidt-Cassegrain system and the short-tube catadioptric system mentioned above were considered. After computation and comparison, the short-tube catadioptric system ( Fig. 2c ) was adopted. In the design, Yuan introduced the important improvement -a refractive corrector, which contains only spherical surfaces and includes a lens-prism, is used to replace the transparent aspherical plate before the focus (Fig. 2d) . Thus, in the AST3, the focal surface is planar, atmospheric dispersion is reduced and distortion is eliminated.
The abbreviation AST3 was once meant to stand for Three Antarctic Schmidt Telescopes (Yuan et al. 2010 ). However, because the key features of the Schmidt telescope no longer exist in the telescopes under design, we have changed the name to the Three Antarctic Survey Telescopes, still designated by the same abbreviation (AST3).
D E S I G N O F T H E O P T I C A L S Y S T E M
The optical system of the AST3 consists of a transparent aspheric plate, an oblate primary mirror and a spherical lens corrector including a filter before the focal plane. The ZEMAX software was used for the optimization of this system. In order to reduce complexity and to increase reliability during the corrector design, Yuan did not use a pair of rotating lens-prisms to compensate for different dispersions; only one lens-prism is included. Because the cemented surface is not safe enough at very low temperatures, the two single lenses of the lens-prism were set apart at a slight distance of 0.1 mm. First, in the optimization of the optical system, the atmospheric dispersion was not considered (i.e. all optical surfaces were coaxial including the middle surfaces of the lens-prism). Next, without changing any other parameters, Yuan tilted only the middle surfaces of the lens-prism in order to make this optical system produce a 1.17-arcsec dispersion for the G band, which corresponds to atmospheric dispersion at z = 56
• . The optical system is shown in Figs 3 and 4. The optical parameters of the AST3 are listed in Table 1. A 10 × 10 K CCD from STA, with pixel size of 9 µm, is used for the AST3 detector. Although the off-axis image spot of the AST3 is larger than that of the Schmidt telescope, it meets the requirement of 80 per cent light energy within 1 arcsec, and it is a good match for the CCD pixel size. Many other features of the AST3 are superior to those of the Schmidt telescope.
According to the science requirements and the selected CCD, the main specifications of the designed optical system are the following. • 14. (vi) The working wavelength is 400-900 nm, with a G (400-550 nm), R (560-700 nm) and I (685-840 nm) filter, respectively, for each of the telescopes of the AST3.
(vii) The image quality is 80 per cent light energy encircled in 1 arcsec, not considering dispersion (the image spot of the I band is shown in Fig. 5) .
(viii) The largest distortion in the whole FOV is 0.012 per cent (less than one pixel of the CCD).
(ix) The total optical length is 2.4 m. (x) The shape of the inner surface of the aspherical plate can be expressed as
where c = 0, α 1 = −8.4659 × 10 −6 , α 2 = 1.5716 × 10 −11 , α 3 = 2.501 × 10 −18 , α 4 = −5.753 × 10 −24 , and the units of r are millimetres.
C H A R AC T E R O F T H E O P T I C A L S Y S T E M O F T H E A S T 3 4.1 General features of the optical system of the AST3
Each of the telescopes of the AST3 is characterized by good image quality, a planar focal surface, reduced atmospheric dispersion and eliminated distortion. In any wavelength band of R and I, 80 per cent of the light energy of each image spot at 50
• ≤ z ≤ 70
• is within 1 arcsec (about one pixel of the CCD). In the sky area z ≤ 70
• of observations, the maximum of celestial object dispersion is reduced from 2.49 to 1.4 arcsec with the G band (the atmospheric dispersion reaches its maximum in this band). The largest distortion is 0.012 per cent (less than one pixel of the CCD) in the whole FOV. The structure of the AST3 is compact. 
Image spot size
When either atmospheric dispersion or lens-prism dispersion exists, or if both exist, the images are not rotationally symmetric in the whole FOV. Table 2 gives the maximum image spot diameter with 80 per cent encircled energy, through the atmosphere and the AST3, in the whole FOV. For comparison, the image quality of the lensprism without a tilted surface is also listed. a Case A corresponds to the lens-prism without a tilted surface. b Case B corresponds to the lens-prism with a tilted surface.
Dispersion of celestial object
Among the G, R and I bands, the largest atmospheric dispersion occurs in the G band and the minimum occurs in the I band. The average winter temperature at Dome A is about −65 • C to −70 • C. We suppose it to be −70
• C, with an elevation of 4093 m and with atmospheric pressure of 0.57. The atmospheric dispersions under zenith distances 50
• and 70
• are 1 and 2.2 arcsec, respectively, for the G band. Only one lens-prism is used in the AST3. The dispersion of the AST3 for the G band is 1.17 arcsec, which corresponds to atmospheric dispersion at z = 56
• . So, the dispersion of the celestial object at z = 56
• is compensated; at z = 70 • , it is reduced from 2.2 to 1.03 arcsec; at the zenith, it changes to 1.17 arcsec from zero; at z = 40
• , it is half of 1.17 arcsec. The ratio of the sky area of z ≤ 40
• to z ≤ 70 • is 0.36. By using a lens-prism in the AST3, the concise conclusions about the dispersion of the celestial object are the following: (i) improvement for 64 per cent of the sky area and deterioration for 36 per cent of the sky area; (ii) reduction of the maximum dispersion from 2.2 to 1.17 arcsec for the G band.
The AST3 are equatorial mounting telescopes. The dispersion of the lens-prism is always along the declination direction (the direction of the celestial pole), not the zenith direction. So, the above results are approximate. However, because the latitude of Dome A is 80
• 22 , the error for the above results is very small.
Two examples

Example 1 for the I band
Because both the atmospheric dispersion and dispersion of the lensprism are small in this band, the difference in image quality between the tilted and non-tilted surfaces of the lens-prism is small, and the images in the whole FOV are nearly rotationally symmetric. So, here, only a spot diagram (Fig. 5) through the atmosphere and the AST3 is given, with z = 50
• , the lens-prism dispersion and all image spots along the zenith direction.
Example 2 for the G band
If the middle surface of the lens-prism is not tilted, the maximum image spot of the G band will disperse up to about 1.12 and 2.49 arcsec at z = 50
• , respectively (z = 50
• correspond to the upper transit and lower transit positions of the celestial object with δ = −30
• ). In the AST3, the middle surface of the lensprism is tilted and the maximum image spot is greatly reduced. For the sake of brevity, here we only give two spot diagrams through the atmosphere and the AST3, with z = 50
• , with all image spots along the zenith direction and with the middle surface of the lens-prism not tilted (Fig. 6) and tilted (Fig. 7) . From Table 2 and Figs 6 and 7, we can see that for the G band, when the middle surface of the lens-prism is tilted (as in the AST3), the image quality is clearly improved. 
Results of test observations
From 2011 August 29 to October 16, we performed test observations of the first AST3 telescope with the I band filter at Xuyi Station of the Purple Mountain Observatory, Chinese Academy of Sciences, in Jiangsu Province (latitude N32
• 44 , longitude E118
• 28 ). After fine alignment of the optical system, we pointed the telescope to the Double Cluster (NGC 884) with zenith distance about 34
• . We obtained a very uniform image in a full FOV with an exposure time of 1 s. The seeing was about 2.2-2.7 arcsec during the observation 
Possible improvement and a new idea
At present, we are considering that if the first telescope of the AST3 works very well on Dome A, a pair of lens-prisms might be adopted in the corrector design of the second telescope of the AST3. In this way, the atmospheric dispersion in the full observation area z ≤ 70
• can be compensated for by the rotation of these two lens-prisms.
Thus, we can hopefully use a pair of lens-prisms to produce a dispersion of about 5-10 arcsec. Su suggests the application of such an extra-low dispersion spectrum in lieu of multicolour photometry for celestial objects in the whole FOV. Because such work requires that the sky brightness should be as low as possible, space and Dome A are ideal sites. We are considering the possibility of such work for the third-generation Chinese Antarctic 2.5-m telescope, and even for the second telescope of the AST3.
O P T I C A L T H E R M A L A NA LY S I S
Because the telescope was developed under normal temperature and pressure, with the very low temperatures (as low as −83
• C in winter) on Dome A in the Antarctic, low-thermal-expansion materials need to be used for the main optical parts and for the structure in order to minimize the thermal effect and the shift of focus in the case of large temperature differences. Zerodur and fused silica were selected for most of the AST3's optical components except for the lens-prism of the corrector. INVAR36 was selected as the material for the main structure. A motorized focusing mechanism with a moving accuracy of 1 µm was designed to adjust the focal plane to the best position in order to compensate for the thermal effect. This mechanism was successfully tested in a winterization chamber from a normal temperature down to −80
• C. The thermal expansion coefficients of the Zerodur mirror, fused silica and INVAR36 were set to be 0.1 × 10 −6 , 0.5 × 10 −6 and 1.5 × 10 −6 , respectively, for the analysis. The telescopes of the AST3 are developed at a temperature of 20
• C. At −40 • C and an atmospheric pressure of 0.57 (i.e. the conditions of late summer at Dome A), if we consider the thermal effect, the CCD box needs to move by 0.167 mm for focusing. Fig. 9 shows the R-band image spot of the AST3 at −80
• C and an atmospheric pressure of 0.57 at the focused position for the summer. Fig. 10 shows the refocused image spots after the CCD box has moved by 0.12 mm for refocusing. Of this 0.12 mm, only 0.014 mm is caused by the thermal effect of the optical components, and most of the rest is induced by the thermal effect of the structure.
